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Abstract 
To improve the efficiency of the multimode hybrid energy storage system (HESS), a novel adaptive mode control 
strategy (ADCS) based on logic threshold and hysteresis control strategy is proposed. The operating modes of the 
multimode HESS are first analyzed. Then, the adaptive target voltage of the ultracapacitor and the adaptive goal 
function are established. On this basis, the ADCS is designed. At last, the simulation model is established in Matlab. 
Simulation results show that the multimode HESS with the ADCS can avoid the excessive output power of the 
lithium battery and the UC absorbs all the braking energy, which ensures the battery safety. Compared to the logic 
threshold and hysteresis control strategy, the ADCS can obviously improve the overall system efficiency of the 
multimode HESS.  
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1. Introduction 
Hybrid energy storage systems (HESSs), which include lithium battery and ultracapacitor (UC), have 
been widely studied in recent years [1, 2]. Because of its perfect performance with high power and high 
energy density, the HESS can be used in energy storage systems of urban energy systems, solar energy 
system, electric vehicles etc. [3, 4]. Various configurations for HESSs have been developed [1, 3, 5]. 
These HESSs included Battery/UC HESS, UC/Battery HESS and multimode HESS etc. [3, 5]. Compared 
to the Battery/UC and UC/Battery HESS, The multimode HESS has more operating modes [2]. It can 
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improve the operating efficiency since the multimode HESS can select the most suitable mode to meet the 
specific power demand of the load. However, the mode control strategy is more complex than the 
Battery/UC or UC/Battery HESS. 
The mode control strategy of the multimode HESS can be divided into two modules: mode switch and 
power distribution. Many control strategies have been applied to do the mode control of the HESSs [2, 3, 
5]. The rule-based control strategies, such as hysteresis control of the UC voltage, power balancing 
control strategy between the lithium battery and UC, state of charge (SOC) compensation of the UC, and 
so forth, have been widely studied [2, 6, 7]. These mode control strategies could be simple, but the 
efficiency of the HESSs might be unsatisfactory. Fuzzy logic control strategy as an important branch of 
artificial intelligence technology, has been successfully used to improve the efficiency of the UC/Battery 
HESS [8]. However, the control parameters of the multimode HESS are different from the UC/Battery 
HESS. It might be changed significantly in accordance with the mode switch. The fuzzy logic controller 
could not deal with large parameter variations. 
The adaptive control strategy could be a perfect solution for these control systems with large parameter 
variations. The adaptive control strategy can identify the parameter variations and change control models 
effectively [9]. So the multimode HESS with the adaptive control strategy might do better to improve the 
overall system efficiency. In this paper, an ADCS is proposed for the multimode HESS. By analyzing the 
operating modes and the component efficiency of the multimode HESS, the adaptive target voltage of the 
UC and the adaptive goal function are established. On this basis, the constraints of the adaptive goal 
function and the power compensation rules are designed. Furthermore, the simulation mode is established 
in Matlab. Simulation results demonstrate the ADCS can ensure the battery safety and improve the overall 
system efficiency of the multimode HESS. 
2. Proposed multimode HESS and its operating modes 
Compare to the Battery/UC HESS, the multimode HESS adds only one switch and one power diode in 
the circuit. The multimode HESS is shown in Fig.1. The main originality in the multimode HESS is that 
the operating mode can be actively switched. Furthermore, the multimode HESS can reduce the energy 
loss in the DC-DC with the ADCS. In addition, the battery is isolated from frequent charges. 
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Fig. 1. The multimode HESS 
When the switch S is on, the UC can directly provide the power to the motor inverter, and the lithium 
battery must work with the DC-DC operating in boost mode. When the switch S is OFF, the lithium 
battery can provide power to the motor inverter through the power diode, the UC must work with the DC-
DC operating in buck mode. By controlling the buck/boost mode of the DC-DC and the ON/OFF mode of 
the switch S, six operating modes can be realized in the multi-mode HESS. Fig. 2 shows these operating 
modes. 
To select suitable modes in accordance with different power demands of the motor inverter and obtain 
a high operating efficiency, the operating modes of the multimode HESS should be analyzed. What’s 
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more, to design the ADCS, the logic threshold and hysteresis control strategy should be simply introduced 
as follows:  
When the multimode HESS meets high power demands from the motor inverter, the switch S is ON, 
and pure UC mode or Battery/UC mode can be utilized. In the Battery/UC mode, the DC-DC must 
operate in boost mode.  
When the multimode HESS meets low power demands from the motor inverter, the switch S is OFF, 
and pure UC mode or UC/Battery mode can be utilized. In the UC/Battery mode, the DC-DC must 
operate in buck mode.  
When the multimode HESS meets power demands of braking, the pure UC recycle mode has the 
highest priority to be utilized. The hybrid recycle mode is activated when the UC voltage is higher than 
the upper limit. The upper limit is equal to 95% of the maximum voltage of the UC. 
The UC/Battery mode should be used when the battery SOC is less than 0.1. The logic threshold value 
to define the high or low power demand can be designed in accordance with the peak-efficiency point of 
the DC-DC as 10kW. The hysteresis control of the UC voltage range is [0.9, 0.95]. For examples, when 
the power demand is higher than 10kW, the pure UC mode must be utilized if the UC voltage is higher 
than 95%, or the Battery/UC mode must be used if the UC voltage is lower than 90%. 
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Fig. 2.  Operating modes of the multimode HESS.   (a) Pure UC mode;  (b) Battery/UC mode; (c) Pure Battery mode;                        
(d) UC/Battery mode; (e) Pure UC recycle mode; (f) Hybrid recycle mode 
The detailed introduce of the logic threshold and hysteresis control strategy can be known from 
reference [10]. The logic threshold and hysteresis control strategy is feasible, but it couldn’t compare the 
efficiency of different modes. So it is failure to select the highest efficiency operating mode. In the 
following, the adaptive control strategy will be developed to improve the overall system efficiency of the 
multimode HESS. 
3. Adaptive mode control strategy 
The target voltage of the UC and the adaptive goal function should be established based on the 
optimum efficiency of the multimode HESS. So the component efficiency should be analyzed. The 
efficiency of the battery and the UC batK , UCK   can be calculated as (1) and (2).  
bat bat bat bat bat1 / ( )P R V EK                                                                                                                  (1) 
UC UC UC UC UC1 / ( )P R V EK                                                                                                                (2) 
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where batP , batV , batR , batE  is the output power, output voltage, resistance and open circuit voltage of the 
battery, respectively. UCP , UCV , UCR , UCE  is the output power, output voltage, resistance and open circuit 
voltage of the UC, respectively.  
The efficiency of the motor inverter inverK  is a function of the current si  and power inverP , it can be 
calculated as 
2
1 21 ( ) /inver s s inverK i K i PK                                                                                                                         (3) 
The operating efficiency of the DC-DC is calculated as 
out in/DC DC P PK                                                                                                                                   (4) 
To achieve the highest operating efficiency of the multimode HESS, the adaptive target voltage of the 
UC should be defined. The target voltage of the UC must satisfy that when the power demand of the 
motor inverter is higher than 10kW, the efficiency of the Battery/UC mode is higher than that of the pure 
battery mode. In this case, when the multimode HESS meets high power demands, the Battery/UC mode 
or the pure UC mode is switched. The adaptive target voltage of the UC is defined as 
target
bat
UC
' ' ' '
bat inver bat inver( ) ( )DC DC UC VV ff K K K K K K t                                                                                     (5) 
where target
UC
' ' ' '
bat inver( )K K K KDC DC UCVf  is the efficiency of the multimode HESS operating in the UC/Battery 
mode. 
bat bat inver
( )K KVf  is the efficiency of the multimode HESS operating in the pure battery mode. 
When the UC voltage is higher than the adaptive target voltage, the Battery/UC mode or the pure UC 
mode should be selected. Furthermore, the hysteresis control of the UC voltage range is defined as [0.9, 
0.95] to control the Battery/UC mode and the pure UC mode [5]. In addition, when the power demand is 
lower than 10kW, and the UC voltage is higher than the adaptive target voltage, the ADCS should be 
used to select the operating mode. To design the ADCS, the adaptive goal function can be defined as (8). 
bat UC0
( + )
t
HESSE P P dt ³                                                                                                                        (6) 
HESS bat UC/TJ dE dt P P                                                                                                                 (7) 
system
{ ( ), ( )}
max arg min
bat UC
T
P t P t
JK                                                                                                                 (8) 
where HESSE  is the energy consumption of the HESS.  
By using the adaptive target voltage, the logic threshold and hysteresis control strategy, the pure UC 
mode and the UC/battery mode can be well controlled. The adaptive goal function is used to do optimal 
control of the pure battery mode and the Battery/UC mode. In Battery/UC mode, the constraint is 
dem ' peak-efficiency ' '
motor bat bat UC inver( )DC DC UCP P PK K K K                                                                                       (9) 
In equation (9), demmotor inverP P   is the power demand of the inverter. When the Battery/UC mode is used, 
the DC-DC operates at peak-efficiency. So the output power of the lithium battery is 
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peak-efficiency
bat2 /DC DC DC DCP P K  . All the UC stored energies derive from the lithium battery, it is defined as 
' ' peak-efficiency
bat batK K  UC DC DCP P .  So equation (9) is equal to (10). 
dem ' peak-efficiency ' ' peak-efficiency ' '
motor bat bat bat bat inver( )DC DC DC DC UCP P PK K K K K K                                                            (10) 
When the pure battery mode is implemented, the constraint of the adaptive goal function is 
dem
motor bat1 bat1 inver1P P K K                                                                                                                          (11) 
Combining (8)-(11), the mode selection can be realized as 
dem dem '
motor motor bat
system bat2 peak-efficiency ' '
{mode1,mode2} bat1 inver1 inver
( ) /
max arg min { , }
peak eff
DC DC
DC DC UC
P P PP KK K K K K K



 
                                      (12) 
where mode1 is the pure battery mode, and mode2 is the Battery/UC mode. 
In addition, when the UC voltage is lower than adaptive target voltage, the adaptive power 
compensation of the UC should be implemented as 
target
max UC UC
bat bat target max
UC
( )
( )
( 0.5 )
peak eff peak eff
DC DC DC DC
UC
V VP P P P
V V
 
 
                                                                   (13) 
As a summary, the ADCS includes calculating the adaptive target voltage, the adaptive mode selection, 
and the adaptive power compensation of the UC. 
4. Simulation results 
The simulation model of the multimode HESS with the ADCS is established in Matlab. To have a 
comparative analysis, the multimode HESS with the logic threshold and hysteresis control strategy is also 
simulated. In the simulation model, the multimode HESS is utilized in an electric vehicle (EV), the 
resistance of the lithium battery and the UC is shown in Fig.3. The maximum voltage of the UCs is 400 
V, the normal voltage of the batteries is 288 V.  
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Fig. 3. The resistance of lithium battery and UC. (a) Battery resistance (3.2V80Ah); (b) UC resistance (75V18F) 
Two types of power demands of the EV with the proposed HESS in the J1015 and the EUDC are 
selected in the simulation. The simulation results are shown in Fig. 4. In the J105, the same control effects 
can be achieved with the two control strategy. Since the UC voltage is higher than the adaptive target 
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voltage of the UC, the pure battery mode is selected when the multimode HESS meets low power demand, 
or the Battery/UC mode is selected. In the EUDC, when multimode HESS meets the increased power 
demands, different control effects are displayed. Since the logic threshold and hysteresis control strategy 
has no adaptive target voltage and adaptive power compensation of the UC, the output power of the 
lithium battery has a sudden increase after 320s, which might damage the lithium battery. On the contrary, 
the output power of the lithium battery with the ADCS is slowly increased, which can avoid the excessive 
output power of the lithium battery and ensure the battery safety. The mode switch with the ADCS is 
more flexible and effective. 
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Figure 4 Simulation results. (a) Simulation results in the J1015; (b) Simulation results in the EUDC 
The efficiency of the overall system can be calculated by (14). In the EUDC, compared to the logic 
threshold and hysteresis control strategy, the ADCS improves up to 1% of overall system efficiency for 
the multimode HESS.   
bat UC dem0 0
= ( ) ( ) / [ ( ) ]
t t
system P t P t dt P t dtK ³ ³                                                                                     (14) 
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5. Conclusions 
An ADCS is proposed for improving the efficiency of the multimode HESS in this paper. The 
operating modes of the multimode HESS are first analyzed. To switch to the highest operating efficiency 
mode of the multimode HESS, the adaptive target voltage of the UC and the adaptive goal function are 
established. In addition, the adaptive mode selection, and the adaptive power compensation of the UC are 
also designed. The simulation model is established in Matlab. Compared to the logic threshold and 
hysteresis control strategy, the ADCS can avoid the excessive output power of the battery and ensure the 
battery safety. Furthermore, the mode selection of the multimode HESS is more flexible. The comparative 
results showed that the ADCS can improve the overall system efficiency of the multimode HESS when 
compared to the logic threshold and hysteresis control strategy. 
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